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Understanding the competing pressures on water resources requires a detailed knowledge of the future water balance under uncertain environmental change. The need for a robust, scientifically rigorous evidence base for effective policy planning and practice has never been greater. Environmental change includes, but is not limited to, climate change; it also includes land-use and land-cover change, including deforestation for agriculture, and occurs alongside changes in anthropogenic interventions that are used in natural resource management such as the regulation of river flows using dams, which can have impacts that frequently exceed those arising in the natural system. In this paper, we examine the role that land surface models can play in providing a robust scientific basis for making resource management decisions against a background of environmental change. We provide some perspectives on recent developments in modelling in land surface hydrology. Among the range of current land surface and hydrology models, there is a large range of variability, which indicates that the specification and parametrization of several basic processes in the models can be improved. Key areas that require improvement in order to address hydrological applications include (i) the representation of groundwater in models, particularly at the scales relevant to land surface modelling, (ii) the representation of human interventions such as dams and irrigation in the hydrological system, (iii) the quantification and communication of uncertainty, and (iv) improved understanding of the impact on water resources availability of multiple use 2013 The Author(s) Published by the Royal Society. All rights reserved.
Introduction (a) Biophysical drivers of water security
Understanding the biophysical drivers of water security requires a detailed knowledge of the future distribution of water in the Earth system under uncertain environmental change. The need for a robust, scientifically rigorous evidence base for effective policy planning and practice has never been greater [1] , but several key challenges remain in our understanding of the representation of interactions between climate, ecological processes, land use and water availability for human activities. Evidence from field observations, Earth observation and models accumulated over the past 20 years points to the operation of key feedback processes in the Earth system, which complicate any attempt to understand the impact of one isolated change in climate, land use or water management. A change in the distribution of water caused by any one of these processes may have a subsequent impact on the other processes. Through a series of recent examples, we consider the consequences of these findings for water management and water security.
One of the greatest challenges faced by water managers is the need to secure the sustainability of supply under climate scenarios that involve changes in the relative frequency of rainfall events of different magnitude [2] . Uncertainties associated with the rainfall response to climate change are widely acknowledged [3] [4] [5] . These uncertainties are compounded when predictions of river flow are required, because the land surface adds complexity through its control on evaporation, soil moisture and groundwater recharge. The loss due to evaporation is often equally uncertain because of its reliance on proper characterization of the land surface and the processes through which vegetation modulates the water vapour flux to the atmosphere, especially under conditions of climate change [6] . The resulting difference represents the surface water balance, i.e. the amount of water remaining after the evaporative demands of the vegetated land surface have been taken into account.
There is wide recognition that the Earth's natural ecosystems deliver important goods and services to mankind [7, 8] . While the literature includes some contradictory conclusions on the precise nature of regulatory services of ecosystems on the hydrological cycle, particularly forests [9, 10] and wetlands [11] , there is broad agreement on the importance of maintaining sufficient water to these ecosystems (generally termed environmental flows) to sustain biodiversity and ecosystem integrity [12, 13] . There is thus an important feedback loop between ecosystems and the water cycle that needs to be understood and quantified to ensure water security (figure 1).
(b) Integrated data and model analyses
Knowledge of the components of the global water cycle is an essential prerequisite of any analysis of water security. Such information is required on a range of time and space scales. Figure 1 . Feedback between ecosystems and water security.
or continental basin scale, a 50 km (or 0.5 • ) scale is a useful compromise to provide large-scale resource assessment and to link with climate models for analyses of the future. Nevertheless, a number of uncertainties are associated with this choice of model resolution: such a scale cannot capture features such as localized flooding and local interventions but can capture large-scale flooding and droughts. Daily information is of great value to assess flooding and droughts and to feed into hydrological and land surface models, but sub-daily data would be required in order to assess local and regional features.
Of the main components of the water cycle only precipitation and run-off are measured and collated systematically at a global scale, and even then there are many gaps. Other components and stores, such as evaporation, soil moisture and groundwater, are measured only sporadically, often using inconsistent techniques. One of the most comprehensive sets of precipitation data is that from the Global Precipitation Climatology Centre 1 (GPCC; [14] ). These gridded data are provided monthly on a 0.5 • or 1.0 • grid. Two datasets are provided: first, the monitoring product is available for the period 1986 to present, based on quality-controlled data from 7000 stations; second, the full data product is available for the period 1951-2004 and is based on quality-controlled data from a larger number of stations (up to 43 000) with irregular coverage in time. The reliability of these global gridded datasets has been questioned, especially over the tropics, deserts, mountain ranges and large parts of the Asian continent because of the sparse spatial distribution of measurement stations, exacerbated by their decreasing number in recent decades [15] . Some of these gaps are being filled with satellite data arising from the Global Precipitation Climatology Project [16] but there remain significant problems, particularly in mountainous areas.
The Global Runoff Database held at the Global Runoff Data Centre 2 (GRDC) contains river discharge data collected at daily or monthly intervals from more than 8000 stations in 157 countries. This adds up to around 320 000 station-years with an average record length of 40 years. The monthly datasets have a good global coverage, although many datasets are not current and finish prior to 1980. These data are also available as a global interactive map at the Global Water System Project (GWSP) water atlas map. 3 Stahl et al. [17] collated a daily streamflow dataset from over 400 small, semi-natural basins from the European Water Archive and elsewhere, specifically to investigate changes in extremes across Europe; and even within Europe there were significant difficulties in accessing data from some countries. Estimates of global average land evapotranspiration range between 1.1 and 2.0 mm d −1 , with an ensemble mean of approximately 1.5 mm d −1 . Thus, there is considerable variability both within the observationally based estimates and between these estimates model-based reanalyses, and Intergovernmental Panel on Climate Change (IPCC) AR4 climate simulations [18] . The best estimates of evapotranspiration are made using eddy covariance techniques, but these are available only at a limited set of stations. The FLUXNET 4 project gathers over 500 such stations, but the geographical coverage is patchy, and many stations have records covering only a few years. A number of initiatives have produced global land evapotranspiration maps based on FLUXNET data, Earth observations, models or a combination of these sources. 5 Soil moisture plays a critical role in land-atmosphere interactions, both as a store of water and as a control on both evaporation and run-off. While there are a few regions with substantial in situ soil water observations [19] , the coverage of these observations is patchy, and there is no consistency over methodology or depth. Global coverage is possible with microwave satellite sensors (e.g. AMSR-E, SMOS and ASCAT); however, the measurements cover only the top few centimetres of soil, and the influence of vegetation cover poses additional difficulties in interpretation [20] . Soil moisture levels can be calculated from land surface and hydrological models, although every model treats soil moisture differently, and so interpretation and comparison are difficult.
Groundwater is the world's largest accessible store of freshwater and contributes 42% of the water used for irrigation, 36% of household water consumption and 27% of water demand for manufacturing [21] . A number of studies have estimated groundwater recharge and depletion globally [22, 23] using hydrological models, demonstrating the continuing depletion of groundwater resources. These estimates contain many uncertainties, not least the uncertainties in evaporation estimates discussed above and difficulties in modelling ground water recharge in semi-arid regions [23] , highlighting the continuing need for regional observations of groundwater to validate these estimates. The World-wide Hydrogeological Mapping and Assessment Programme (WHYMAP) initiative has provided global maps of aquifer properties and the Global Groundwater Archive is an important initiative to collect groundwater data; however, progress is slow in collecting data [24] . Meanwhile, the Gravity Recovery and Climate Experiment (GRACE) satellite has provided considerable insights into dynamic changes in groundwater globally at large scale, highlighting rapid depletion in groundwater storage in India, the USA and elsewhere [25, 26] .
Land surface and global hydrology models provide an alternative approach to the global estimation of components of the terrestrial water cycle [27] . The WATCH Forcing Data provide a single global dataset of the climate variables required to drive hydrological models, which covers the period 1901-2001. It has been produced by combining the Climatic Research Unit's monthly observations of temperature, 'wet days' and cloud cover with the GPCCv4 monthly precipitation observations and the ERA40 reanalysis products (with the addition of corrections for varying atmospheric aerosols to adjust the solar radiation). The WATCH Driving Data cover the period 2001-2100 and have been generated using three well-established climate models that have been downscaled and bias corrected. Each model was run for two different IPCC scenarios, giving six data subsets within the driving data. All of the forcing and driving datasets cover the land surface of the Earth on a 0.5 • grid [28] .
(c) Anthropogenic interventions in the water cycle
While physical science can provide important information on the availability of water in the future, the role of changing anthropogenic intervention is often as critical in developing scenarios of change in freshwater systems [29, 30] . Anthropogenic interventions that form part of natural resource management include the regulation of river flows using dams, artificial abstraction from surface or groundwater stores and the use of water from a range of sources for irrigation. The sustainability of anthropogenic demands on water resources under scenarios of climate and land-use change is a serious question for water managers and decision-makers.
Several recent studies have indicated that anthropogenic water demand is often equivalent in magnitude to the natural components of the water balance [31, 32] . The consequences of this situation are particularly acute in river basins where a considerable fraction of the renewable flow of the river is abstracted for human use (e.g. Colorado, Murray-Darling [31] ) and also in locations where the rate of groundwater abstraction exceeds the rate of recharge (e.g. United States High Plains Aquifer [33] ; northwestern India [25] ). The increasing importance of abstraction raises two questions: (i) what are the consequences of large-scale geophysical changes in climate and land use on the sustainability of anthropogenic modifications to the water budget, and, conversely, (ii) what are the consequences of large-scale alterations to the management of the land surface on the climate system?
(d) Water security and global environmental change
The scope of environmental changes that have driven the availability of water resources in the past is broad. Recent debate has stressed that, while the evidence for anthropogenic climate change is unequivocal, the effect on precipitation, especially precipitation extremes, is less certain. Overall, precipitation is expected to increase with increasing temperatures [4] . There will, however, be large regional variations, with the subtropics becoming drier and high latitudes wetter-a feature widely observed in recent decades [3, 5, 34] . Precipitation extremes are also likely to increase and increasing extreme rainfall is observed in most regions of the world [6] . Many regions of the world, however, do not have sufficiently long or detailed records to support definite conclusions. This is particularly true of sub-daily records [5] .
Nevertheless, while climate change is an important driver of global change, it is not the only factor in play. Land-cover change, sea-level shifts and anthropogenic interventions have in the past influenced water resource availability either because they directly affect the availability of water at the surface or because they control the quality of available water supplies. The role played by complex spatial heterogeneity in land-cover change also remains a key unknown in quantifying the local response to environmental change (e.g. changes in latent heat flux owing to altered tropical vegetation [35, 36] and the direct effects of vegetation on albedo in northern latitudes [37] ). These drivers of global change have received global attention through initiatives equal in scope and in profile to the IPCC [38] [39] [40] , including the United Nations Environment Programme GEO-5 Assessment [41] , the Millennium Ecosystem Assessment (MEA) [42] and the International Geosphere-Biosphere Programme [35] . The emphasis on joint drivers of change in different spheres of the Earth system has prompted calls for multi-and interdisciplinary evaluations of the joint, interacting effects of changes in components of the Earth system [43] [44] [45] [46] .
(e) Uncertainty
The quantification of uncertainty has received much attention across a range of geophysical academic disciplines and in wider discussion with social researchers and policy-makers [38] [39] [40] . This engagement with uncertainty has a long tradition that has developed from a straightforward evaluation of the range of outcomes predicted by different climate models to a series of designed model experiments designed to span the range of possible radiative forcing and model formulations [47] [48] [49] . The more recent use of perturbed physics ensembles has permitted a focus on the key processes that contribute most clearly to uncertainty in model predictions [50] [51] [52] . Improved knowledge of these processes is widely expected to yield reductions in model uncertainty [53] . It is true, however, that increasing the number of processes within models also tends to increase the uncertainty range.
Model uncertainty exists alongside internal variability and scenario uncertainty. Intercomparison Project (WaterMIP) has brought a similar approach to the study of hydrological responses to climate change. The WaterMIP used the WATCH Forcing Data to provide a consistent comparison of 11 land surface and hydrology models [54] . All models were run for a 15 year period (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) . Simulated global terrestrial evapotranspiration, excluding Greenland and Antarctica, ranged from 415 to 586 mm yr −1 (1.2-1.6 mm d −1 ) and simulated run-off from 290 to 457 mm yr −1 . Both the mean and median run-off fractions for the land surface models were lower than those of the global hydrological models. Significant differences between land surface and global hydrological models were attributed to differences between the snow schemes, which are typically physically based energy balance models in land surface simulations but which in large-scale hydrology models are usually based on a more empirical degree-day approach. Some differences in simulated run-off and evapotranspiration can be explained by model parametrizations, although the processes included and parametrizations used are not distinct to either land surface models or global hydrological models. The results of this study show that differences between models are a major source of uncertainty (figure 2), and climate change impact studies require not only multiple climate models but also some other measure of uncertainty (e.g. multiple impact models). It is also clear that the significant improvements in process representation could improve model results and reduce uncertainty.
A comparison of WaterMIP simulations against a dataset of European streamflows [17] revealed large uncertainties in the individual models' abilities to simulate the amplitude and timing of the mean run-off cycle; however, the ensemble mean yielded rather more robust results [55] . Some serious variations and shortcomings were revealed in the ways the models handled the timing of snow accumulation and melt. In a subsequent study, using the same data to simulate high-and low-flow events, a subset of three models (Joint UK Land Environment Simulator (JULES), MPI-HM and WaterGAP) reproduced the broad spatio-temporal evolution of hydrological extremes in Europe, but the reproduction of variability and spatial coherence of low and high flows was found to be variable [56] . Some systematic weaknesses emerged in all models, in particular for high flows, which could be a product of poor spatial resolution of the input climate data (e.g. where extreme precipitation is driven by local convective storms or topography). In addition to model uncertainties, there are considerable uncertainties associated with input variables, particularly rainfall, which can be substantial [57, 58] .
There are many uncertainties within our assessment of the physical water system, including our understanding of past changes, our simulation of the components of the water cycle and our predictions of the future. The Global Energy and Water Cycle Experiment (GEWEX) has recently identified four Grand Science Challenges-covering observations and predictions of precipitation, global water resource systems, changes in extremes, and the water and energy cycles-to focus the efforts of the science community. 6 It is clear that improvements will come with better data and enhanced integration of models and data. It is also clear from the inter-comparison studies that there is considerable scope to improve land surface and global hydrological models, particularly with better representation of snow and storages, such as groundwater and soil water.
Hydrological feedbacks in the Earth system
Internal feedbacks frequently arise within complex, interconnected environmental systems (see [59] for some recent examples). The presence of feedbacks alongside external drivers adds an extra set of scientific questions to those that are usually considered in impacts assessments, because models of systems that include feedbacks must include an explicit representation of the connections between the hydrosphere, lithosphere and biosphere.
Feedbacks between the land surface and the atmosphere occur at many scales. At the local or patch scale (1-10 km), a patch of irrigated land or forest may influence the local temperature and humidity through changes in water availability and roughness, which will, in turn, feed back on the evaporative demand. At a regional scale (up to a few hundred kilometres), changes in the land surface may not only influence local temperature and humidity but also change local cloud amounts (hence radiation inputs [60] ) and generate local atmospheric circulations, with the possibilities of the initiation of convective rainfall systems [61, 62] . At continental scales, a changing land surface can, in principle, change large-scale atmospheric circulation, such as the monsoon [63] . The influence of land surface depends not only on scale but also on the hydroclimatology of a region, thus Koster et al. [64] found geographical hotspots of the interaction between soil moisture and rainfall concentrated in semi-arid regions where the contrasts in soil moisture are likely to be large.
While large numbers of studies suggest a strong interaction between the land surface and climate the majority of these studies rely on numerical models. The LUCID project [35] has addressed the robustness of estimates of biogeophysical impacts of historical land-use change. An analysis of seven coupled land surface/climate models generally showed a significant reduction in available energy and cooling in regions where forest cover had been replaced by agriculture but few significant or consistent changes in precipitation [35] . This result mirrors that of Koster et al. [64] , who found a considerable variation in the strength of land surface coupling in the climate models used.
In the following, we present a number of recent examples to illustrate emerging evidence for the control exerted by land-atmosphere feedbacks on water availability.
(a) Feedbacks from irrigation
Looking more deeply at the impact of anthropogenic demands on water, evidence has emerged in the past decade pointing towards the considerable impact that anthropogenic interventions in the water cycle such as irrigation, groundwater abstraction and surface water management can have on regional climatological patterns. A recent historical evaluation of the effect of representing irrigation in a climate model has demonstrated that in the twentieth century irrigation has led to a significant reduction in temperature trends in the boreal summer over irrigated regions, with consequent increases in precipitation as a result of the additional water vapour flux to the atmosphere [65] . A striking example of this effect is the finding that the extra water added to the land surface as a result of widespread irrigation in India has reduced the land-sea temperature gradient and altered the circulation pattern of the South Asian summer monsoon itself [63] . The consequences of these connections between water resource management and global climate suggest hitherto unexplored possibilities that water management strategies in one region might affect climate in another and motivate an urgent need to represent water management in Earth system models [21, 32, 66] .
(b) Wetland inundation and cloud feedbacks
The availability of water at the surface has the potential to alter fluxes of heat and moisture to the atmosphere and, in areas where convection is limited by water availability such as the transition zones between semi-arid and wetter climates, can be an important control on mesoscale convection [6, 64] . The role of land-atmosphere feedbacks in modifying the climate and in climate impacts is particularly evident in the Niger inland delta, where observed river gauging data show significant evaporative losses from the land and water surface [67] . Adding a subgrid-scale parametrization of overbank inundation to the JULES land surface model enables the salient features of the observed inundation pattern to be reproduced, and reveals that significant evaporative losses from the inundated region account for a doubling in the total land-atmosphere water flux during periods of greatest flooding. Moreover, the suppression of sensible heat flux establishes a hypothesized 'wetland breeze' effect, which promotes the daytime initiation of convective storms and generates a series of long-lived mesoscale convective systems, which have the possibility of impacting on the rainfall in the surrounding region ( figure 3; [68] ).
(c) Heat waves and drought
Spatial and temporal patterns of water availability greatly affect the resilience of water resource systems [1] . The global spatial synchronicity of drought, shown for summer 1976 in figure 4 [69] , alters the ways in which water managers, insurers and civil contingencies planners might respond given that events such as the ensuing 1976 drought are not isolated in space nor independent [29] .
in time. The majority of recent European summer heat waves (1976, 1994, 2003 and 2005) have been linked to negative soil moisture anomalies during the preceding spring, which led to reduced latent heat fluxes and therefore greater surface warming in the subsequent summers [70] . The interactions between soil moisture and temperature are thought to account for over half of the days with extreme temperatures during these periods [70] , and one recent estimate, made using a large ensemble of simulations, suggests that the risk of such heat waves has been doubled as a result of anthropogenic emissions of carbon dioxide [71] .
Taken together, the examples cited above that document the importance of climate feedbacks between soil moisture and persistence of low rainfall demonstrate that changes in the distribution of water at the surface as a result of human interventions could, in fact, have important reciprocal impacts on climate over a wide area. The effects of water management decisions on climate feedbacks are only beginning to be investigated-they are still only rarely included in climate impact assessments-and the links between the hydrological system and climate are rarely acknowledged in studies of ecosystem services. It is clear that interactions between hydrology and climate occur on many space and time scales, involve a whole range of processes and are incompletely represented within land surface and climate models. Nevertheless, because water is essential not only for its direct uses but also for the indirect functions that it serves (including food production, fisheries and industry), it is vital that these connected systems are studied.
Water security, ecosystem services and environmental flows
The previous sections have focused on the importance of feedbacks in land-atmosphere interactions for water security. A further crucial feedback process occurs across the landscape between ecosystems (terrestrial, wetland and aquatic) and water resources. Figure 5 depicts the role of ecosystems influencing the hydrological cycle to support water security on which many ecosystem services are based, and emphasizes the importance of maintaining environmental flows to conserve ecosystem functions. The exploitation of ecosystem services presents an additional feedback loop. For example, wise use of wetland resources [73] such as sustainable fisheries supports food security without degrading the ecosystem. By contrast, exploiting water resources to generate hydropower by building a dam can negatively impact on the river ecosystem and loss of fisheries, presenting a trade-off as demonstrated in the River Mekong [74] . 
(a) Ecosystem services
The United Nations Conference on Environment and Development (UNCED) held in Rio in 1992 was an important turning point in modern thinking; it raised to a global political level the view that the lives of people and the environment are profoundly interlinked. Ecological processes keep the planet fit for life, providing our food, air to breathe, medicines and much of what we call 'quality of life' [75] . Freshwater ecosystems provide economic security (e.g. fish, plant foods and medicines, timber); social security (e.g. protection from natural hazards, such as floods); and ethical security (e.g. upholding the rights of people and other species to water; [75] ). Water used for economic growth (i.e. for drinking, growing food, generating power and supporting industry) has been viewed as water directly for people, whereas water for ecosystems has been considered as water indirectly for people through the goods and services they deliver [76] . This idea attempted to counter the notion of conflict in water resource allocation that water was either for people or for Nature. Despite this, the MEA [42] showed that many ecosystems were being degraded or lost, with aquatic systems suffering particularly from abstraction or diversion often associated with dams [32, 74, 77, 78] . The MEA used the concept of ecosystem services, which developed largely through wetland research [73] , to demonstrate the value of Nature and its contribution to social and cultural well-being [8] .
(b) Environmental flows
The idea for environmental water needs began in the 1940s, in the western USA [79] with rapid methodological development during the 1970s [80] [81] [82] in parallel with changes in legislation. The UK Water Resources Act 1963 stated that minimum acceptable flows were required to maintain natural beauty and fisheries, and the Clean Water Act in the USA in 1972 set the objective of restoring and maintaining the chemical, physical and biological integrity of the nation's waters. However, it is in South Africa that the law most explicitly recognizes that the highest priority for water should be for the environment, after basic human needs [83] . In particular, South Africa recognized the crucial feedback between water and wetlands. Many countries, including Tanzania and Costa Rica, now have similar legislation. Under the European Water Framework Directive, the general aim for all river water bodies is to achieve good ecological status, and flow requirements to meet this aim have been defined [84]. The concept of flow required for natural ecosystems has evolved from the initial idea of minimum flow, which assumed that the river ecosystem would be protected if flow was maintained above a low threshold value, to whole flow regimes. The term 'environmental flows' is now widely used and describes the quantity, quality and timing of water flows required to sustain freshwater and estuarine ecosystems and the human livelihoods and well-being that depend on these ecosystems. 7 The concept of environmental flows is now a key element in many international policies (such as the Convention on Biological Diversity, signed by 168 countries, and the International Convention on Wetlands, signed by 132 countries).
To manage ecosystems and water in the integrated manner required, the concept of environmental flows needs to be incorporated within hydrological models. Although there are technically more than 200 methods available to assess environmental flows, they fall broadly into two types. The first type is based on the natural flow paradigm [12, 85] , which proposed that river species or communities are dependent on multiple aspects of the flow regime. This view encompasses the concept of the flood pulse [86] , wherein flooding is considered to be important for linking river and floodplain ecosystems. Thus, any alteration from the natural flow regime will lead to some ecosystem degradation and possible loss of ecosystem services, with too much flow at the wrong time being as detrimental as too little flow. The application of this approach is most evident in the protection of natural rivers, such as in protected areas, e.g. national parks. Using the natural flow paradigm for setting environmental flows can be thought of as a 'top-down' approach [13] in that the full reference flow regime provides the baseline point of reference and elements are removed, such as certain flood events that are not essential to meet a particular desired ecological state.
The second type of method recognizes that much of the Earth's surface has been managed intensively for many millennia, as human populations have expanded, and that major infrastructure, such as dams, provides essential water, food and energy security [87] . The premise here is to identify specific species, communities, functions or ecosystem services required and to attempt to design the river's flow regime to deliver these objectives. This is essentially a 'bottomup' approach that starts, at least conceptually, with no flow (the situation below a dam with outlet gates closed) and builds up a flow regime by adding low flows, high channel flows and floods at different times, of different magnitude and duration, until the specified objectives are met. The most well known is the building block methodology [88] . This can be a particularly useful concept where decisions have already been made over the broad allocation of water resources. Attention is then focused on using the environmental water allocation to best meet the objectives of society for the river. The approach is amenable to heavily managed rivers where specific reservoir flow releases are likely to be used to deliver particular objectives, e.g. fish breeding or natural floodplain irrigation. The downstream response to imposed flow transformations (DRIFT) method [89] incorporates an optimizing routine to help design the most effective flow regime where various scenarios of flow regime alteration are specified in relation to dam operations [90, 91] . Currently, these methods are not directly linked to hydrological processes models and tend to be applied separately in sequence. There is great potential for linking hydrological models and environmental flow models to establish the important feedback between water security and ecosystem processes.
(c) Trade-offs in water management for ecosystem services Ecosystem services provide a useful framework, because exploitation of the ecosystem, for example its water, for public supply and intensive irrigation can be seen as ecosystem services that require input of built infrastructure (such as dams and pipes) alongside services that rely more exclusively on natural assets [92] , such as fisheries. Water allocation can be considered in terms of a trade-off in the ecosystem services. Water held in a dam can be for direct use, whereas water released as an environmental flow will support indirect use (figure 5). Building on the examples given in §3b, we highlight recent research showing that assessment of hydrologically based ecosystem trade-offs is particularly complex in wetland areas, especially in situations where trade-offs in the biophysical system play to the advantage of different communities [73] . We suggest that improvements in the modelling of coupled climate feedbacks will create new opportunities for more thorough assessments of ecosystem trade-offs that arise in response to environmental and water management decisions. For example, building of the Fomi Dam in Guinea will allow expansion of irrigation in southern Mali, but the resulting reduction in flood extent in the Inner Niger Delta [93] may alter patterns of grazing and could also reduce rates of evaporation and rainfall in surrounding areas. The resulting trade-offs in food provision (and between the people of northern and southern Mali) can only be understood using coupled models.
In many African river systems (e.g. Senegal, Logone and Kafue), development is focused on poverty alleviation, and environmental flows aim to deliver simple annual flood-dominated hydrographs that are required for flood recession agriculture, fisheries and cattle grazing and directly support local rural livelihoods [94] . Appropriate balancing of the management of dams has had benefits for natural services as well as created services. For example, environmental flow management on the Logone River in northern Cameroon using infrastructure of the Lake Maga reservoir has produced regular inundation of the Logone floodplain and production of constant ecosystem services that were otherwise highly variable under extremes of droughts and large floods generated by a natural flow regime [95] . At the same time, sufficient water has been retained in Lake Maga to support intensive rice irrigation downstream of the dam. Reservoirs are not necessarily without ecological value. For example, in 2012, the government of Tunisia designated six reservoirs as wetlands of international importance under the Ramsar Convention, including the Barrage de Sidi El Barrak, which stores irrigation water and provides a supply of potable water to the city of Tunis but supports the threatened Eurasian otter (Lutra lutra).
With any allocation of resources, there will inevitably be winners and losers. The Manantali Dam in Mali was constructed to supply hydroelectricity to cities in Senegal, Mauritania and Mali, thus benefiting the urban elite, commerce and industry, at the expense of the rural poor downstream who had little electrification and who lost ecosystem benefits of floodplain inundation, including fisheries, flood-recession agriculture [96,97].
Conclusion
The prospects for using coupled land surface hydrology models to understand the role of human water management decisions in the global hydrological cycle are compelling [98] and raise the possibility that land surface models could themselves be used to inform water allocation decisions. Many of the improvements to land surface models that we advocate require a corresponding improvement to the observed data available to build and test the models themselves. There is still a need to improve global fields of components of the global water cycle, both for assessment of existing resources and to benchmark and improve coupled models. In particular, precipitation data are scarce in sparsely populated and mountainous regions, where coverage is limited, but evaporation and soil moisture data are also problematic because they are not measured using standardized techniques, nor are such measurements routinely collated. In many regions of the world, measurement networks are degrading and, in others, there are institutional barriers to the free exchange of data. Remote Earth observations help to fill some gaps, but in situ data are still essential to validate and calibrate satellite products.
There remains an urgent need to improve (i) the representation of groundwater, particularly at the scales relevant to land surface modelling; (ii) the storage of water in snow-in a manner both that is physically realistic and that maintains the energy balance at the surface; (iii) the representation of human interventions such as land-cover changes, dams and irrigation in the hydrological system; (iv) the quantification and communication of uncertainty in a way that is accessible to stakeholders and that uses metrics defined by and of importance to end-users and decision-makers; (v) the recognition and quantification of a wide range of ecosystem services provided by the river corridor and the linkage to environmental flow provision; and (vi) the definition and quantification of multiple use as this is important for quantifying the true supply of the resource.
Feedbacks can be extremely important, particularly where water fluxes are limited by soil moisture. However, given the diversity and complexities of both the physical feedbacks and interactions between water management and the hydrological cycle, it is impossible at present to identify hard and fast rules to determine when and how coupled models should be used. It is suggested that the continued collection of individual case studies, such as those presented here, should ultimately provide guidance on coupled modelling and the incentive to improve the realism of Earth system models.
